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Abstract
The cell cycle is essential for proper growth and development in all organisms. Many
diseases, including cancer result from defects in control of the cell cycle. Here we
characterize the zebrafish recessive cell cycle mutant zombie (zom).The chromosomes of
zombie mutants arrest in the metaphase-anaphase transition of mitosis, suggesting a
mutation in the cell cycle machinery of the embryo. Zom was mapped to a small interval
in lineage group 2, which included CDC20 locus. CDC20 is an activator of the Anaphase
Promoting Complex, and the role of this complex is to separate chromosomes during the
metaphase-anaphase transition. Sequencing the mutant showed that a transversion
occurred in exon 7 of the CDC20 gene producing a nonsense mutation. In situ analysis
shows there are fewer CDC20 mRNA transcripts in the mutant indicating nonsense mediated degradation of mRNA. This is a common feature of premature termination.
Thus, zom is likely a complete loss of function of CDC20. In support of this, a mutation
in the CDC20 homolog in the D. melanogaster also causes arrested mitosis. Antisense
splice blocking oligonucleotides were used to knock down CDC20 gene function in an
attempt to recapitulate the mutant phenotype. However, we are yet unable to reproduce
the mutant phenotype perhaps because the resulting mRNA product is only altered by
several nucleotides. Currently, we are using CDC20 mRNA and CRISPRs, to attempt
rescue of the mutant phenotype and knockout of the CDC20 gene, respectively.
Identifying the gene mutated in zom will enable us to start to unravel the complex control
of the cell cycle during animal development.
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Introduction

Zebrafish cell cycle
The proper progression of the cell cycle during the development of any organism
is essential. To ensure this process happens without mistakes certain cellular signaling
molecules exist. Many genes expressing proteins needed for the cell cycle has been found
to be mutated in a variety of cancer tissues including human tumor (Hariharan and Haber,
2003). . Zebrafish as a model organism provides an opportunity to discover genes playing
a big role in the cell cycle.
The first seven cell divisions are rapid and synchronous in a fertilized zebrafish
oocyte, which happens without gap phases G1 and G2. (Kimmel et al., 1995).
Midblastula transition (MBT), which starts during the tenth cell division, is when cell
division becomes asynchronous, cells cycle duration lengthens, zygotic transcription is
activated and the time of onset of cellular motility (Kane and Kimmel, 1993). Onset of
G1 is directly related to the activation of zygotic transcription, which raises the question
that early transcripts could be the regulators of the cell cycle.
It is very important to note some of the essential cell cycle proteins, when mutated
cause problems in the cell cycle, such as aneuploidy (Yang et al, 2014). One of such
proteins is Cell Division Cycle protein (CDC20). CDC20 is responsible for cell division
regulation and is an activator of the E3 ubiquitin ligase anaphase-promoting
complex/cyclosome (APC/C), which ubiquitinates the securin (an inhibitor of seperase)
and M-phase–regulating protein cyclin B1. (Reis et al. 2007). Yang et al, has shown that
the role of CDC20 is very essential even during the meiosis. CDC20 is inhibited by
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spindle attachment proteins to ensure a complete attachment of spindles to kinetochores
(Fang, 2002). Once all spindles are attached to kinetochores in the metaphase (M phase)
plate, CDC20 becomes active and attaches to APC/C. APCCDC20 is responsible for
ubiquination of series of cell cycle proteins, but the most important ones are securin,
which blocks separase from degrading cohesin which holds homologous chromosomes
together.

Figure 1. The role of the cell CDC20 during meiosis. (Yang, et al 2014)

On top of that, APCCDC20 has been shown to ubiquanate Cyclin B1, which is
responsible for triggering a cell to progress to mitosis. The level of Cyclin B1 drops
starting at metaphase. (Figure 2.) As cyclins get degraded CDK-1 levels drop, which is
responsible for phosphorylation, thus activation of APC. (Yang, 2014). Consequently, by
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degrading cyclins, APCCDC20 makes it impossible for additional APCCDC20 being created.
Degradation of other proteins by APCCDC20 relies on the structure of CDC20 that is
composed of seven WD-40 repeats on its C terminal. WD-40 repeats recognize D-box
(destruction box) on the target protein. It has been shown that knockdown of CDC20 was
associated with abnormal spindle assembly and chromosome segregation in bovine
oocytes. Additionally, when CDC20 was first discovered in 1970s by Hartwell et al, in
the yeast strain Saccharomyces cereviciae, the CDC20 mutants failed to enter anaphase.

Figure 2. Cyclin B1 levels accumulates as the cell progresses into mitosis and drops by
the end of mitosis.

Mutant screen
In order to determine the functions of particular genes during the embryogenesis,
the Tubingen screen isolated mutants that affect the embryonic development. The sperm
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was treated with mutagen ethylnitrosurea to cause random point mutations and used to
fertilize normal oocyte. The fishes were inbred for two generations to determine potential
mutants that could be used for further analysis. Zombie was among prominent mutants
with strong phenotype. It was classified as early cell mutation, because of onset of
phenotype within 24 hours post- fertilization. (Kane et al, 1996)

Zombie
Zombie is a lethal homozygous recessive mutant whose phenotype becomes
visible at 4-6 somite stage which corresponds to 12-14 hours post fertilization (Fig 3,
B’).Cells in zombie become less transparent, cells become larger, and round up. (Kane et
al, 1996). Compare to wild type cells, DAPI staining of zombie cells revealed that
majority of cells had their chromosomes being lined up in the metaphase plate (Fig 3, D,
E).

8

Figure 3. Morphological and cellular characterization of zombie mutant. (A) Side view of
wild-type embryo at 15 hours and (A’) 24 hours. (B) Side view zombie mutant at 15
hours and (B’) 24 hours. (C) DIC view of zombie round cells; normal nuclei are indicated
with an arrow while mitotic plate is indicated with an arrowhead. (D) DAPI staining
shows wild-type cells have fewer nuclei in metaphase than (E) zombie cells. Scale bar is
shown at 20 μm for C and 50 μm for D and E. Figure adapted from Kane et al. (1996)

Zombie was mapped to linkage group 2 by Kane lab. We have also shown that
there was a transversion at exon 5 in CDC20 gene in zombie mutants. It was found to be a
non-sense mutation and it causes a non-sense mediated degradation of CDC20 mRNA
being transcribed. In-situ analysis has also supported the idea that CDC20 is a site where
the mutation has happened. (Fig 4) The CDC20 mRNA levels gradually dropped until it
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was all used up by 24 hours. This suggests that maternally expressed CDC20 mRNA is
assisting a zombie embryo to progress up to the time when the mutant phenotype starts to
show up. As the levels of CDC20 mRNA drops, the mutant is not able to create a fully
functional zygotically expressed mRNA, which is eventually degraded. Further
comparison of zombie and wild type embryos with an aid of anti-PH3 antibody revealed
that cells in zombie start to be arrested in metaphase – anaphase transition as early as in 3
somite stage. PH3 antibodies label phosphorylated histones 3, which could be found only
during mitosis. The number of cells in mitosis was higher in zombie than in wild type
embryos three to four times at 3 to 10 somite stages, respectively.
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Figure 4. The in situ analysis of CDC20 mRNA with CDC20 probe.
Comparison of wild type and zombie at 8 and 18 somite stages in expression
levels of CDC20. Kane lab, 2008.
Next Steps
CDC20 is the best candidate gene where the mutation has happened. The next
approach would be to either phenocopy a mutation by knocking down the CDC20
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expression in wild type embryos or rescue mutant embryos by introduction of wild type
CDC20 mRNA. Our lab has previously used antisense splice blocking oligonucleotites
(Morpholino) designed to disrupt normal splicing of CDC20 mRNA. The structure of
morpholino is similar to DNA and RNA, except (deoxy-) ribose and phosphodiester bond
are replaced by morphine ring and phosphorodiamidate linkage, respectively. This special
characteristic of morpholino prevents it from being degraded. By introducing designed
morpholino we expected to reproduce the zombie phenotype in wild type embryos.
However, the results were unfortunate. No zombie phenotype appeared in morpholino
injected embryos, even at 3 and 6 somite stages. In this paper we are showing that
morpholino is not affecting splicing of CDC20 mRNA significantly. Result have shown
that the size of mRNA increased by couple nucleotides.
Additionally, xenopus wild type CDC20 mRNA was microinjected into the pool
of embryos obtained from cross of two zombie mutation carriers. CDC20 is a very
conserved protein, so that xenopus CDC20 is as functional as zebrafish CDC20 is.
Unfortunately, 25% of embryos from a cross of zombie carriers still showed zombie
phenotype. This suggested that mRNA construct did not work.
Puzzled by the question why CDC20 mRNA and morpholino did not work, our
lab has decided to remap the mutation on the linkage group 2. SSLP (Simple Sequence
Length Polymorphism) data was used and zombie was mapped close to the vicinity as
CDC20. This data has provided additional supporting data that CDC20 is the best
candidate gene for zombie mutation. Now that we have shown another supporting data
that mutation in CDC20 is causing zombie phenotype, we have constructed zebrafish wild
type CDC20 mRNA with the hope to rescue the zombie phenotype. During the
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microinjection of new CDC20 mRNA, we have gotten some promising results that
suggest that zombie being rescued.

Methods

Identification of fish carrying a zom mutation
Fish carrying zombie mutation were preserved through outcrossing of
heterozygotes. The new generations of zombie heterozygotes were identified by crossing
outcrossed fish. Embryos obtained from outcrossed fish were transferred into a clean
Petri dish with E3 Medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2*2H2O, 0.33
mM MgSO4*7H2O) in it. Embryos developed for 16-24 hours to sort out the crosses
containing zombie mutants. Zombie carriers were placed into a separate fish tank.

Testing for polymorphism
In order to test for SSLPs, z-markers were used that are close to the vicinity of
CDC20 both upstream and downstream. The position of polymorphic sequences and the
sequence of z-markers were obtained from NCBI Map View database. Eight upstream
and four downstream z-markers were used to map out the region around CDC20 and find
the recombination rate. (Table 1). Primers were purchased from IDT Technologies.
Primers were diluted to 100µM.
Z-marker and Position on Chromosome 2
CDC20
Z4662
9924873-9925179 (bp)
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Z13620

10165012-10165236 (bp)

Z9354

10199296-10199529 (bp)

Z4733

10546584-10546721 (bp)

Z4300

17088219-17088373 (bp)

Z9615

17360370-17360672 (bp)

Z3430

17717538-17717664 (bp)

Z9944

18437304-18437504 (bp)

CDC20

19218055-19234798 (bp)

Z9361

20767078-20767321 (bp)

Z6569

20811095-20811327 (bp)

Z8517

22793627-22793868 (bp)

Z13475

27682514-27682731 (bp)

Table 1. Z-markers used and their position on chromosome 2. CDC20 is labeled red. Zmarkers that have been shown to work best in zebrafish labeled indigo.

Identified fish were fin clipped by placing a fish on a wet paper tissue. By slightly
holding the body of fish lying on wet paper tissue, about 30% of the tail fin was cut with
a new razor blade. Clipped fins were placed into individual wells in 96 well plate with
50µL of Lysis buffer (10 mM Tris-HCl, pH8.3, 50 mM KCl, 1,5 mM MgCl2, 0.3%
Tween 20, 0.3% Triton X-100) in it and covered with PCR tape. The plate was placed
into a PCR machine for 20 minutes at 940C, after which 5µL of Proteinase K (Sigma)
was added into each well and incubated at 550C for 20 minutes and denatured at 940C for
another 20 minutes. Extracted DNA was diluted 1:20 in dH2O in a new 96 well plate and
stored at -200C.
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PCR was done by mixing 25 µL of PCR mix (10 mM Tris-HCl, pH 8.3, 50 mM
KCl, 1.5 mM MgCl2, 0.001% gelatin, 100 mM each dNTP, 100 mg/ml BSA), 0.5µL of
forward and reverse primer mix, 0.06µL of Taq polymerase, and 5µL of diluted DNA
together. PCR was carried out by placing the mixture of reagents indicated above for 5
minutes denaturation at 940C, followed by 44 cycles of 30 second denaturation at 940C,
30 seconds of annealing at 550C, 1 minute of extension at 720C in PTC-100 thermocycler
(MJ Research). The PCR products were analyzed in 4% agarose gel in 1X TBE buffer
(5.4 g Tris base, 2.75 g boric acid, 2ml of 0.5M EDTA and bring the volume to 1L).

RT- PCR analysis
About 30-40 antisense splice blocking oligomers injected embryos were placed
into a 1.5mL microcentrifuge tube, 4-5 hours post injection. The same amount of
uninjected wild type embryos were placed into 1.5mL microcentrifuge tube. 1mL of
Trizol (Invitrogen) was added into each tube and vortexed for 2 minutes. Samples were
kept at room temperature for 5 minutes followed by addition of 200µL of chloroform and
30 seconds of vortex. The samples were centrifuged at 4000rpm at 40C and supernatant
was removed into new 1.5 microcentrifuge tubes. RNA was precipitated with 750 µL
isopropanol followed by 15 minutes of centrifugation at 4000 rpm, 40C. Supernatant was
removed without disturbing RNA pellet on the bottom from the tube. RNA pellet was
washed with 1mL of 75% EtOH, vortexed and centrifuged at room temperature for 5
minutes at 4000rpm. The supernatant was removed and EtOH was allowed to evaporate
for 2 minutes and RNA was resuspended in RNAse free water.
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Specific DNA was reverse transcribed using MMLV reverse transcriptase
(Invitrogen). 3µL of 1µM cDNA primer mix, 2µL of dNTP, 2µL of 0.1M DTT, 0.5µg of
RNA and 1µL of reverse transcriptase were mixed together, bringing the volume of
reaction to 10µL. The primers antisense to CDC20 mRNA exons F2/R7 and F2/R11 were
used. The reaction was incubated at 370C for 1 hour. The reaction stopped by heating the
reaction to 700C for 20 minutes.
Morpholino injection
Embryos from a cross of two wild type fishes were injected a specific volume of
Morpholino. Injections were done in Danieu’s media (58mM NaCl, 0.7mM KCl, 0.4mM
MgSO4 7H20, 0.6mM Ca(NO3)2, 5mM HEPES) on dechorionated embryos placed into a
Bacto agar (Becton, Dickinson and Company) coated petri dishes. 30-40 embryos were
injected with 10-15 ng of antisense splice blocking oligomers (Gene-Tools) designed to
block splicing at intron3-exon4 boundary at 1-8 cell stage. The same amount of embryos
from the same clutch were let to develop as a control. Embryos were prepared for RNA
extraction and RT-PCR after 5-7 hours of incubation at 280C.
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Results
Linkage Mapping
Identification of fish carrying a zom mutation
From 15 crosses only 10 pairs of fish laid eggs. 24 hours post-fertilization about
100 – 300 embryos were collected in a Petri dish with E3 medium. Next, after screening
of embryos for zombie mutants, 7/10 crosses were identified to be the carriers of zombie
mutation. About 25% of embryos from each of the seven crosses were mutants. Mutants
were identified by prominent phenotype of the zombie embryos, which can be detected
best at 16 hours post fertilization 28 0C.
Testing for Polymorphism
Introduction
Simple sequence length polymorphism (SSLP) markers are used with Polymerase
Chain Reaction (PCR) for linkage tests. SSLPs consist of short stretches of nucleotide
repeats, ﬂanked by unique sequences which provide primer binding sites for ampliﬁcation
via the polymerase chain reaction (Tautz 1989; Webber & May 1989). Usually, the
sequence ranges from 100 – 500 base pairs. Variation in sequence length in two
homologous chromosomes is a very useful tool to understand the location of the certain
gene with linkage testing. For instance, using a primer that will help to amplify SSLPs,
we can find zombie carriers that produce shorter and longer sequence of DNA from two
homologous chromosomes. One of the sequences, either shorter or longer, will be linked
with the gene of interest. Now, by mating two zombie heterozygotes, which are
polymorphic for certain z-marker we can predict how close the z-marker is located to the
mutated gene, by looking at recombination rate. Genome database, in our case the one
from zfin.org provided us a location of CDC20 and showed us potential z-markers that
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would be useful for linkage mapping. There is a great way to use z-marker to test for
linkage with a gene of interest. The rate of recombination is directly proportional to the
relative distance between the polymorphic DNA and the gene of interest, CDC20 in our
experiment (Figure 5).

Figure 5. The illustration of the crossover between polymorphic gene (A,a) and CDC20.
The longer the distance between genes, the higher the chances of crossover happening
between them.
Results
Fourteen fishes were fin clipped. The cells were lysed and DNA was diluted in
1:20 ratio in ddH2O. DNA was tested for polymorphism with z-markers z13475, z3430,
z9361, z6569 initially, which are close to the vicinity of CDC20. Polymorphic products
usually have two different sized alleles. Based on results from figure 6, fishes 1, 8, 9 were
determined to be polymorphic for z13475 and were placed into fish tank number 1.
Fishes numbered 3, 5, 10, 11 which are polymorphic for z6569 were placed into separate
fish tank 2. Lastly, the rest of fishes numbered 2, 4, 6, 7, 12, 13, and 14 which are
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polymorphic for z3430 and for z9361 were put into fish tank 3. In tank 3 only fish 12 is
not polymorphic for z3430 and just 2, 4, 7, and 12 are polymorphic for z9361.
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Figure 6. 14 fish tested for polymorphism with z-markers z13475 (A), z3430
(B), z9361 (C), z6569 (D).
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Conclusion
Now, polymorphic fishes being identified they can be used to cross fishes from
different tanks and test the extent of recombination in the mutant embryos with zmarkers.
Linkage mapping with mutants
Introduction
Based on genomic data CDC20 was mapped at chromosome 2 in zebrafish.
Markers close to the vicinity of CDC20 were tested. As shown in figure 7, z-markers
upstream of CDC20 - z13620, z4662, z9354, z4733, z3430, z4300, z7361, z9615, z9944,
and downstream of CDC20 – z6569, z9361, z13475, and z8517 were used to test the
recombination rate in mutants. Mutant embryos whose parents are polymorphic for
particular z-marker were used to find a recombination rate.
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Figure 7. MGH map data. z-markers used are underlined. CDC20 gene location on
chromosome 2 is pointed with an arrow.
Results
Thirteen clutches of mutant embryos were obtained from crosses between fish
from all three tanks. Figure 9 shows one of the clutches of embryos with recombinants
indicated by arrows. Both parents were polymorphic with z13620 lower band
corresponding to the marker that is linked with a mutated gene. One of the parents was
polymorphic with z6569, shorter sequence (lower band) being linked with a mutated gene
and another parent having shorter sequence with both wild type and mutated
chromosome. With z13475 both parents were polymorphic, but one of them had a shorter
sequence of marker located on a mutated chromosome, while the other parent had a
longer sequence being linked with a mutated gene. 5/36 embryos in this particular clutch
are recombinants with marker z13620 and 7/36 are recombinants with z13475. However,
there were no recombinants observed in this clutch of mutants, which supports the idea
that CDC20 is closest to z6569.
The figure 8 provides the full picture of the tested z-markers and shows the
relative rate of recombination. CDC20 is located approximately at 42 cM (centi Morgans)
on the linkage group 2. To see the relative numbers of embryos, the proportion of
recombinants in 100 embryos were calculated. 23.6 out of 100 mutant embryos were
recombinants for z4662 marker, which is located at 6 cM upstream CDC20. Only 6.6 out
of 100 embryos were recombinant with z13620 marker, which is only 3.7 cM upstream
CDC20. Similarly the results for downstream markers were 0/100 recombinants for
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z9361 (1.1cM downsteam), 1.6/100 for z6569 (1.1 cM downstream) and 8.12/100 for
z13475 (2.3 cM downstream).

Figure 8. Relative frequency of recombination in zom mutants tested with z-markers both
downstream and upstream of CDC20
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A)

B)

Figure 9. A.PCR product ran with corresponding z-makers (z136220, z13475, z6569) ran
on a agarose gel electrophoresis. Mutants are indicated with a square on top.
Recombinants are pointed with an arrow. B. Interpretation of results on a spreadsheet.
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Mutants are indicated with letter m, wild type with letter w. Recombinants for z13620 are
colored green, while they are colored purple for z13475.

Summary
Mapping results confirm the zombie mutation being linked to chromosome 2, close to
CDC20 gene. It confirms CDC20 being the potential gene where the mutation has
happened in zombie mutants.

Morpholino does not make a significant change in CDC20 mRNA size
cDNA from injected and uninjected wild type embryos obtained by RT-PCR did
not show any significant change in the size of CDC20 mRNA. The expected size of
cDNA amplified with F2 and R7 primers is 826bp which is showing up correct on the
gel. However, there was slight change in the size of product in morpholino injected
embryos. This slight change could still make active CDC20 protein that is functional.
The same is true for the cDNA obtained with F2 and R11 primers. The expected size of
cDNA amplified with RT-PCR is 1543bp, which is showing up correct on the agarose
gel. (fig. 5). However, the size of the mRNA has been increased slightly. It may occur
because during splicing exon 3 is finding a different acceptor site close to exon 4 that is
not making a big difference in the size and importantly function of CDC20.
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Figure 5. Comparison of RT-PCR products of the CDC20 mRNA with primer pairs
F2/R7 and F2/R11 in morpholino injected (MO) and uninjected (WT) embryos.

Zebrafish CDC20 mRNA potentially rescued zombie mutants
30 of 56pg of CDC20 mRNA injected embryos were stained with PH3 antibody to see
the change in the amount of mitotic cells. The number of stained nuclei were counted in
between Krox20 stripes, rhombomeres 3 and 5. On average 8 cells were stained in
embryo fixed at 6 somite stage (Figure 6), which correspond to the number of nuclei
found in wild type embryo at this stage. However, there were no mutants among the
control embryos, where only 6 wild type embryos were left.
Adult fish were crossed and confirmed that they were really the carriers of zombie
mutation. Our data is potentially supporting the idea that CDC20 is the mutated in zombie
embryos. However, further injections and staining has to be done.
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Figure 6. One of the embryos from a cross of zombie heterozygotes injected with 56pg of
zebrafish CDC20 mRNA. Nuclei stained with anti-PH3 and two blue bands correspond to
rhombomeres 3 and 5 (in-situ with Krox-20). All embryos had relatively the same
number of stained cells in mitosis.
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Discussion
Previous works of the lab have shown that CDC20 is one of the best candidate mutated
genes for zombie mutation. The cellular phenotype has suggested that cells in zombie fail
to divide. The data shows that the arrest happened at metaphase – anaphase transition.
Our further linkage mapping confirmed that mutation is at chromosome 2. Furthermore
the mutated region was narrowed down to the position where CDC20 is located on
chromosome 2. This suggests that CDC20 still remains to be a potential gene where the
mutation has happened in zombie. CDC20 was shown in Drosphila and budding yeast to
be important in spindle morphology and chromospme segregation (Sethi et al, 1991).
Similarly, the same cellular phenotype with arrested chromosomes is witnessed in
zombie.
Morpholinos that block normal splicing of CDC20 mRNA are one of the potential tools
that will make it possible to reproduce the zombie phenotype in wild type embryos.
However, our morpholino failed to do so, possibly because the CDC20 transctipt was
altered by couple nucleotides that does not alter normal function of translated CDC20
protein.
A newly made CDC20 mRNA with 5’ cap and 3’ poly A tail has potentially rescued a
zombie phenotype. However, more work has to be done to determine the correct amount
of transcript that will work best. Currently, 50-60 pg of CDC20 mRNA looks like the
right amount of mRNA that would rescue the mutant phenotype.
In the future, constructing a new splice blocking oligomer that will block a different site
of CDC20 mRNA would be a good idea. This will enable to phenocopy the zombie
phenotype. This result would further support the idea that CDC20 is causing a zombie
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phenotype. Another emerging technique that will help to phenocopy the zombie
phenotype is using a CRISPR technology. With a use of this technique we can selectively
target CDC20 gene with complementary guide RNA and Cas9 enzyme which will
recognize guide RNA that is attached to CDC20 and degrade CDC20. This will cause no
CDC20 mRNA being made by the embryo, thus potentially cause zombie phenotype in
wild type embryos.
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